BACKGROUND & AIMS-With the limited efficacy of current therapy for chronic hepatitis C, modifiable risk factors for liver disease progression are important to identify. Because obesity is associated with liver disease, we examined the effects of weight-related conditions on disease outcomes in the Hepatitis C Antiviral Long-Term Treatment Against Cirrhosis (HALT-C) trial.
weight change of ≥5% in the first year after randomization (HR, 1.25 per category increase in weight, 95% CI, 1.01-1.55).
CONCLUSIONS-Insulin resistance, histologic features of fatty liver disease, and weight change were associated with outcomes of chronic hepatitis C. Improvement in these weightrelated factors might modify disease progression.
The risk of progression of chronic hepatitis C virus (HCV) infection to cirrhosis and clinical outcomes varies greatly. Among the factors believed to accelerate disease progression are alcohol use, human immunodeficiency virus infection, male sex, and infection at an older age. Of these, only alcohol use can be eliminated. However, many nondrinkers with HCV develop severe liver disease, and risk factors that could influence disease progression, especially to cirrhosis and hepatic decompensation, are incompletely understood. One potential factor is excess body adiposity and its expression in the liver as the presence of steatosis. Because fatty liver disease in the absence of other causes can result in cirrhosis and liver failure, it would be reasonable to expect it to influence the progression of HCV infection. Despite the appeal of this concept, there is little published information showing that HCV-infected persons with obesity, diabetes, steatosis, or any other weight-related condition have a higher risk of progression of liver disease.
We used data from the Hepatitis C Antiviral Long-term Treatment Against Cirrhosis (HALT-C) trial to address the influence of weight-related conditions, including biopsy findings, on liver disease progression. This large, multicenter clinical trial with systematically collected information on potential risk factors and prespecified liver disease outcomes was well suited to examine weight-related conditions and histologic fatty liver on HCV disease progression.
Patients and Methods
The design and trial results of HALT-C have been published. 1, 2 Patients who remained viremic despite standard treatment with peginterferon and ribavirin were randomly assigned to treatment with peginterferon alfa 2a 90 μg or no treatment and followed for outcomes for 3.5 years. The 1050 patients randomly assigned were required to have had a baseline liver biopsy with bridging fibrosis (Ishak fibrosis score of 3 or 4) or cirrhosis (score of 5 or 6). Patient visits were conducted every 3 months. Protocol liver biopsies were performed at year 1.5 and year 3.5. In the current analysis, outcomes for patients with cirrhosis at baseline were death from liver disease or hepatic decompensation (presence of Child Turcotte Pugh score of ≥7 confirmed on 2 visits 3 months apart, ascites, encephalopathy, or variceal bleeding). In addition to these clinical events, a 2-point increase in Ishak fibrosis score qualified as an outcome for patients with bridging fibrosis at baseline. The histologic outcome was counted at first occurrence, whether that was at year 1.5 or 3.5.
Body mass index (BMI) was calculated as weight in kilograms/height in meters squared. Patients were considered to have diabetes if they had a current diagnosis or if their fasting blood glucose exceeded 126 mg/dL. Waist circumference was measured at the umbilicus while standing. Truncal obesity was defined as waist circumference >102 cm in men and >88 cm in women. Recreational physical activity was obtained by self-report from a questionnaire that was adapted from the third National Health and Nutrition Examination, coded by level of metabolic equivalents. 3, 4 Nonrecreational physical activity was selfreported as light, moderate, or heavy. Percentage of changes in weight (in kg) between baseline and 1 year after randomization was computed as (weight in kilograms at 1 yearweight in kilograms at baseline) × 100/(weight in kilograms at baseline). Alcohol use at baseline was categorized as never drinking, not currently drinking (if patient had ≥12 drinks during ≥1 year in the past, and no alcohol use during the previous 6 months), and current drinking (if patient had ≥1 drink during the previous 6 months).
Patients were asked to fast overnight for the glucose, insulin, and triglyceride measures. Glucose and triglyceride concentrations were measured locally, and insulin levels were tested by radioimmunoassay in a single laboratory. 5 Insulin resistance was estimated by the updated homeostasis model assessment of insulin resistance (HOMA2-IR). 6 For patients who had insulin values >400 pmol/L, an insulin value of 400 was used to calculate HOMA2-IR. Total and high-density lipoprotein serum cholesterol concentrations were measured centrally (Wako Diagnostics, Richmond, VA).
Liver biopsies were reviewed in conference by a committee of 12 study hepatic pathologists who were masked to patient data. Fibrosis was evaluated with the Masson trichrome stain and steatosis with the H&E stain. Fibrosis was scored from 0 to 6 and necroinflammation from 0 to 18, according to Ishak et al. 7 Pericellular (predominantly zone 3) fibrosis was separately scored as absent, mild, or moderate/marked. Hepatic steatosis was graded as 0(<1%), 1 (1%-5%), 2 (6%-33%), 3 (34%-67%), and 4 (>67%). Mallory bodies were recognized as absent, few, or many. Patients with severe steatohepatitis were excluded from the trial.
Statistical Analyses
Results of 985 of 1050 patients randomly assigned were analyzed. Sixty-four of 1050 patients who were in the fibrosis stratum and who had no subsequent biopsy or any clinical outcome after excluding hepatocellular carcinoma and non-liver-related death were not included in the analysis. One patient with unknown cause of death was also excluded.
For continuous variables, 25th percentiles (quartiles) were used to describe and analyze the data. Because of the small numbers of patients with the highest levels of pericellular fibrosis, steatosis, and Mallory bodies, these categories were collapsed with the next lower category. The SAS GLM procedure (SAS Institute, Cary, NC) was used for linear trend tests for continuous variables. The Cochran-Armitage test of trend was used to investigate the trend among binomial proportion of disease progression. Duration of follow-up was censored at the first outcome or a maximum of 1400 days from the date of randomization. Cox proportional hazard regression was used to test the associations with disease progression. A 2-sided significance level with α of 5% was used for all analyses. All analyses were conducted with the use of SAS version 9.1.3 (SAS Institute). Each variable in the multivariate models was also evaluated with stage of fibrosis as an interaction term (bridging fibrosis or cirrhosis) to determine whether the effect on outcome was consistent across severity of liver disease. Secondary analyses evaluated whether the results differed by treatment group and whether restricted to clinical outcomes or fibrosis progression.
Results
A total of 985 patients followed for a maximum of 1400 days (3.8 years) was included in this analysis. At baseline, 56.5% of patients had a histologic diagnosis of bridging fibrosis, and the remainder had cirrhosis. The mean age of the patients was 50.2 years, 71% were men, and 18% were black. Randomization resulted in 488 patients assigned to treatment and 497 patients to no treatment.
The distributions of the weight-related baseline features are shown in Table 1 with continuous variables as quartiles. Greater than 75% of the patients were over-weight or obese (BMI ≥ 25 kg/m 2 ) and 43.5% were obese (BMI ≥ 30 kg/m 2 ). There was a substantial increase in weight by self-report from age 20 years to the measured baseline weight, with median increase of 26.9%. Other features associated with overweight and obesity also tended to be abnormal, including serum triglycerides (more than a quarter above the metabolic syndrome cutoff of 150 mg/dL), high-density lipoprotein cholesterol (nearly half below the metabolic syndrome cutoff of <40 mg/dL [male] or <50 mg/dL [female]), and waist circumference. Median waist circumference was 101 cm among men (44.8% were above the metabolic syndrome cutoff of 102 cm) and 96 cm among women (65.7% were above the metabolic syndrome cutoff of 88 cm). Median systolic blood pressure of 131 mm Hg was high, but median diastolic blood pressure was not (80 mm Hg). Total cholesterol concentration was also largely in the normal range (<25% greater than 200 mg/dL). Median HOMA2-IR of 4.59 was much higher than the norms in the general population, as was the 24.9% prevalence of diabetes. As would be expected in a randomized trial, there were few features that were meaningfully different between patients assigned to treatment or no treatment. Systolic blood pressure was the only baseline weight-related feature that was significantly different (P = .02), with more treated patients in the highest quartile (27.9%) than untreated patients (21.1%).
During the randomized phase of the trial, a total of 273 patients had an outcome; 135 patients had a clinical outcome and 138 had a 2-point increase in fibrosis score without a clinical outcome (72 at the first biopsy and 66 at the second biopsy). Table 2 shows the proportion of patients with an outcome according to the same categorizations as in Table 1 . It also shows the univariate hazard ratios (HRs) with the quartiles treated as ordered categorical variables. For example, the survival analysis indicated that for each quartile increase in baseline BMI, there was a 14% increase (hazard ratio, 1.14) in rate of outcomes. Other statistically significant associations were found for BMI change from age 20 years to baseline, HOMA2-IR, serum glucose, serum insulin, and diabetes. Waist circumference was associated with outcomes when categorized by the metabolic syndrome cutoffs (P = .009) but not when categorized as quartiles (P = .13).
Three multivariate analyses of baseline features were performed that progressively built on information in the less complex analysis. First, easily measured baseline variables (BMI, diabetes, and dichotomously coded waist circumference) that appeared potentially associated with outcomes in univariate analysis (P < .10) were considered in multivariate analysis. Because percentage of weight change from age 20 years to baseline was highly correlated with baseline BMI (r = 0.63), the analysis was initially performed without weight change. Initial analysis was also performed without HOMA2-IR, which was missing for 225 patients who did not have insulin levels. In this multivariate analysis, none of the 3 variables had a statistically significant association with outcomes, although there was a 26% increased risk with diabetes (model 1 of Table 3 ). Adding percentage of weight change from age 20 years to baseline had no effect on the HR for BMI, and itself was not statistically significant (HR, 1.04 per quartile; 95% CI, 0.91-1.20).
The second multivariate analysis added HOMA2-IR to the variables included in the first model. This analysis excluded 225 patients who did not have insulin levels. HOMA2-IR was strongly associated with progression of liver disease, and its addition attenuated the association with diabetes (model 2 of Table 3 ).
In addition to the establishment of noninvasive predictors of disease progression, histologic features of fatty liver disease were also examined (model 3 in Table 3 ). For all patients, there was a modest association of the degree of steatosis with outcome (P for trend = .08). However, the relation of steatosis and outcome depended highly on fibrosis stage. As shown in Figure 1 , the degree of steatosis was positively associated with outcomes among patients with bridging fibrosis (P for trend < .0001) but negatively associated with outcome among patients with cirrhosis (P = .006). Because a broader outcome definition was allowed for the patients with bridging fibrosis (progression to cirrhosis as well as clinical outcomes), an analysis among this group was also performed that was restricted to clinical outcomes. Although only 5.8% of patients with bridging fibrosis had clinical outcomes, there was a nonsignificant association (P = .11 and lower line of Figure 1 ) of greater steatosis with clinical outcomes. To determine whether less steatosis among patients with cirrhosis may simply have been a marker of more severe disease, the degree of steatosis was examined in relation to other markers of liver disease severity (Table 4) . Neither esophageal varices nor platelet concentration was associated with steatosis, although patients with cirrhosis and less steatosis trended to have lower platelet counts (P = .09); nor was complete cirrhosis (Ishak fibrosis stage 6) more common among the cirrhotic patients with less steatosis (P = .65).
The presence of Mallory bodies and of pericellular (predominantly zone 3) fibrosis was strongly associated with the degree of steatosis on baseline biopsy in both the bridging fibrosis and cirrhosis strata (Table 4) . Mallory bodies were more common in patients with cirrhosis (21.7%) than those with fibrosis (10.4%) (P < .0001), whereas pericellular fibrosis was less common in patients with cirrhosis (29.8%) than patients with fibrosis (39.4%) (P = .002). Mallory bodies were associated with outcomes (35.8% outcomes with Mallory bodies and 26.3% outcomes without Mallory bodies; P = .02). The relation was stronger in the bridging fibrosis stratum (P = .0004) than in the cirrhosis stratum (P = .49). This association of Mallory bodies with outcomes was unlikely to be confounded by alcohol consumption because neither current (P = .76) nor past drinking (P = .46) was associated with the presence of Mallory bodies. Pericellular fibrosis was not associated with outcome overall (31.3% outcomes with pericellular fibrosis and 26.7% without; P = .14) or separately in the fibrosis (P = .35) or cirrhosis strata (P = .51).
To include histologic findings in multivariate analysis for outcomes, steatosis was entered with an interaction term with fibrosis stratum (model 3 of Table 3 ). This term was highly statistically significant (P < .0001). No other variable was found to have an interaction with fibrosis stage. Presence of Mallory bodies was also associated with outcomes. Inclusion of biopsy findings had little effect on the association of the other variables with outcomes. In particular, the HR for HOMA2-IR was unchanged. Two secondary analyses were performed for the variables in model 3, including steatosis, but restricted to either clinical outcomes or fibrosis progression that resulted in only minor differences in HRs. Notably, changes in the HRs from the model with clinical and histologic outcomes to the model that was restricted to either clinical outcomes or fibrosis progression were as follows: HOMA2-IR, 1.25 to 1.24 for clinical outcomes and to 1.25 for fibrosis progression; steatosis, 1.21 to 1.09 for clinical outcomes and to 1.24 for fibrosis progression; and Mallory bodies, 1.59 to 1.50 for clinical outcomes and to 1.47 for fibrosis progression. Importantly, in the analysis of clinical outcomes, the interaction of steatosis score by fibrosis stratum remained with a HR of 0.59 (95% CI, 0.38 -0.92).
Weight change between baseline and 1 year after randomization was evaluated for its effect on outcomes. Sixty-one patients who had dropped out or had a clinical outcome within the first year were not included. Overall, there was modest weight gain through the first year of treatment with a median increase of 0.62% (Table 1) . Patients randomly assigned to no treatment had greater weight increase than did treated patients, as did patients with cirrhosis (data not shown). The association between quartile of percentage of weight change and outcomes was of borderline statistical significance in univariate analysis (Table 2 ) and in multivariate analysis (HR, 1.11; 95% CI, 0.99 -1.25). Weight change was further examined by recategorization into clinically meaningful groups of ≥5% weight loss (median loss, 7.5%), <5% weight change, and ≥5% weight increase (median gain, 8.3%) as shown in Tables 1 and 2 . Relative to patients whose weights were stable, patients who gained ≥5% had a 35% higher rate of outcomes (P = .04), whereas patients who lost ≥5% had a nonstatistically significant 16% decrease in outcomes (P = .37). However, in multivariate analysis, there was a statistically significant increase in outcomes with a HR per category of weight change of 1.25 (95% CI, 1.01-1.55). The addition of HOMA2-IR and histologic features had minimal effect on the relation of weight change and outcomes. In a secondary analysis restricted to clinical outcomes, the HR per weight change category remained relatively unchanged at 1.21 (95% CI, 0.91-1.61). Because interferon treatment affects weight, the analysis was also conducted according to treatment assignment. Results were similar for the effect of weight change on outcomes among patients assigned to treatment (HR, 1.28; 95% CI, 0.94 -1.73) or to no treatment (HR, 1.24; 95% CI, 0.90 -1.69). A test for interaction was not statistically significant (P = .81).
A secondary analysis was performed to determine whether assignment to treatment affected the relation of weight-related factors and outcomes. Among all of the models, only the effect of HOMA2-IR appeared to be affected by treatment. In model 2 of Table 3 (which included diabetes, BMI, HOMA2-IR, and waist circumference), the HR per quartile increase in HOMA2-IR was 1.45 (95% CI, 1.18 -1.78) among untreated patients and 1.12 (95% CI, 0.91-1.36) among patients assigned to treatment.
The association of weight-related factors and inflammation on baseline biopsy and on change in inflammation to the last biopsy was examined. There was an association at baseline of insulin resistance, Mallory bodies, and steatosis with the severity of inflammation (P ≤ .02). Of greater importance, weight change expressed as either quartiles (P = .005) or as category of >5% or <5% change (P = .004) was associated with a change in inflammation between the baseline and final biopsy. This change in inflammation in relation to weight change is shown in Figure 2 .
Discussion
This study showed an association of several weight-related features to increased rates of liver disease progression among patients with advanced chronic hepatitis C. In particular, insulin resistance and histologic features of fatty liver disease at baseline were strongly associated with progressive liver disease. Of greatest clinical significance, weight change during the trial was associated with liver disease outcomes. Although this study was performed among a selected group of patients with treatment-resistant hepatitis C, it is likely that the findings would extend to other patients with hepatitis C. In addition, the relations of weight-related features and outcomes were consistent for the 2 randomized groups, with the exception of HOMA2-IR, which was strongly associated with disease progression among untreated patients but not among patients assigned to treatment. Several large cross-sectional studies, including the baseline of HALT-C, have documented an association of the degree of hepatic steatosis and fibrosis severity [8] [9] [10] [11] [12] [13] up to cirrhosis, at which point steatosis was less common. 14, 15 At least one study did not find an association of steatosis and fibrosis. 16 Such associations have generally been made among patients without advanced liver disease. Cross-sectional studies neither offer compelling evidence of the influence of a risk factor on disease severity nor can they quantify the risk of disease progression. In contrast to the cross-sectional studies, relatively small paired biopsy studies of patients with untreated hepatitis C either did not show a relation of steatosis on first biopsy to progression of fibrosis or did not report the result. 17, 18 Of importance, a relation of steatosis to clinical outcomes has not been reported among a large cohort of patients with chronic hepatitis C. The current study has shown a complex yet clinically significant relation of steatosis and progressive liver disease, one that differed between patients with bridging fibrosis and with cirrhosis. No other factor showed an interaction with fibrosis stratum and outcome. In addition, in a secondary analysis limited to clinical outcomes, the interaction persisted such that the importance of the degree of steatosis on clinical progression was modulated by the severity of fibrosis. Most significantly, among patients with bridging fibrosis, steatosis was strongly associated with progression of liver disease. It is possible that greater steatosis would be a risk factor for fibrosis progression not only among patients with advanced fibrosis but also in patients with hepatitis C and a lesser degree of fibrosis.
In contrast to bridging fibrosis, clinical outcomes occurred less commonly among patients with cirrhosis and greater steatosis. Although steatosis may stimulate fibrosis progression, once cirrhosis develops, lack of histologic fat might reflect greater disease severity. In a separate analysis of this cohort, a decline in steatosis was associated with progression to cirrhosis, supporting the concept that less steatosis might be a marker of more severe disease in patients with cirrhosis. 19 In the current analysis, baseline steatosis was not associated with other indicators of liver disease such as thrombocytopenia and esophageal varices (Table 4) . Nevertheless, taken together, these data indicate that the failure to find fat in cirrhotic biopsies in hepatitis C appears to be an adverse prognostic sign and is quite different from patients with steatosis and less severe fibrotic liver disease. Two other markers of fatty liver disease were also evaluated. The presence of Mallory bodies was associated with disease progression for the entire cohort, but the relation was stronger among patients with bridging fibrosis. Interestingly, pericellular (zone 3) fibrosis was not associated with disease progression in either fibrosis stratum. The Ishak fibrosis scale does not consider pericellular fibrosis in its staging, which appears justified by the current study.
Although commonly found in hepatitis C-related liver disease, features of fatty liver disease have not been considered as measures of severity and are not scored in the standard grading and staging systems. 7 The presence of fatty liver is not specific to hepatitis C and has not always been recognized as clinically significant. Because of their prognostic significance, histologic characteristics of fatty liver, particularly degree of steatosis and the presence of Mallory bodies, should be recorded in biopsy readings of patients with hepatitis C, and consideration should be given to their incorporation into histologic scoring systems of chronic hepatitis. Note that patients whose baseline biopsies indicated severe steatohepatitis were excluded from the trial. It is possible that patients with severe steatohepatitis (alcoholic or nonalcoholic) and chronic hepatitis C would have had an even higher rate of outcomes.
Baseline median HOMA2-IR of 4.59 was much higher than norms in the general population, as was the 24.9% prevalence of diabetes. 20, 21 Glucose homeostasis deteriorates with development of severe liver disease, so that diabetes is common with cirrhosis. 22 Therefore, associations in cross-sectional studies cannot establish that diabetes and hyperinsulinemia result in severe liver disease. An advantage of the current study is that a strong association of HOMA2-IR to the risk of progressive liver disease was established prospectively, even though HOMA2-IR is not necessarily a good measure of true insulin resistance. In the presence of steatosis, it appears that indirect measures of insulin secretion such as HOMA2-IR are strongly affected by diminished hepatic insulin clearance as well as by insulin resistance. 23 Irrespective of the mechanism of its elevation, increased HOMA2-IR was associated with significant liver disease progression.
Baseline BMI was associated with outcomes (at least in univariate analysis), as was weight change. Nearly half of the HALT-C cohort was obese, which may have contributed to the severity of liver disease and resistance to standard treatment before entering the randomized trial. For a population with severe hepatitis C that is resistant to available treatment, the association of weight change with outcomes is the most immediate clinically significant finding of this analysis. Until now, there has been indirect evidence only that overweight and obesity are associated with worse outcomes in hepatitis C. Even among patients with nonviral-related steatohepatitis, evidence that weight ameliorates clinical disease has been limited. 24 As previously shown, weight loss in the HALT-C cohort was associated with decline in steatosis. 19 Of comparable significance, the current report has shown that weight loss was associated with a decline in inflammation. The difference in the change in inflammation between patients who lost >5% of weight within a year of random assignment and those who gained >5% was comparable to the change in inflammation between treated and untreated patients. 2 Such declines in both steatosis and inflammation with weight loss might slow disease progression, even in the presence of ongoing infection. It is possible that the weight-related associations with liver disease progression identified in the current study could apply to obesity-related fatty liver in the presence of other liver diseases not resulting from hepatitis C.
For patients resistant to or unable to take antiviral therapy for hepatitis C, body weight appears to be a significant modifiable risk factor for disease progression. In the absence of a long-term trial of weight loss and liver disease outcomes, the results of this study may provide the strongest evidence for a clinical benefit of weight loss among over-weight or obese persons with chronic hepatitis C. Association of weight change from baseline to the first year after randomization according to percentage of weight change category with inflammation score in biopsies obtained 1.5 (P = .05) and 3.5 (P = .01) years after randomization. Table 1 Characteristics of Patients by Quartiles or Categories 
Outcome, % Hazard ratio 95 % CI (P value)
Percentage of weight change ≥5% Loss Multivariate Analyses for Outcomes 
